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Abstract This study demonstrates the relative ease of
generating high-density linkage maps using the AFLP®
technology. Two high-density AFLP linkage maps of Zea
mays L. were generated based on: (1) aB73 x Mo17 re-
combinant inbred population and (2) a D32 x D145 im-
mortalized F, population. Although AFLP technology is
in essence a mono-allelic marker system, markers can be
scored quantitatively and used to deduce zygosity. AFLP
markers were generated using the enzyme combinations
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EcoRI/Msel and Pstl/Msel. A total of 1539 and 1355
AFLP markers have been mapped in the two populations,
respectively. Among the mapped Pstl/Msel AFLP mark-
ers we have included fragments bounded by a methylated
Pstl site (MAFLP markers). Mapping these "MAFLP mark-
ers shows that the presence of C-methylation segregates
in perfect accordance with the primary target sequence,
leading to Mendelian inheritance. Simultaneous mapping
of Pstl/Msel AFLP and Pstl/Msel MAFLP markers al-
lowed us to identify a number of epi-alleles, showing al-
lelic variation in the CpNpG methylation only. However,
their frequency in maize is low. Map comparison shows
that, despite some rearrangements, most of the AFLP
markers that are common in both populations, map at
similar positions. This would indicate that AFLP markers
are predominantly single-locus markers. Changes in map
order occur mainly in marker-dense regions. These
marker-dense regions, representing clusters of mainly
EcoRI/Msel AFLP and Pstl/Msel mMAFLP markers, co-
localize well with the putative centromeric regions of the
maize chromosomes. In contrast, Pstl/Msel markers are
more uniformly distributed over the genome.

Key words ZeamaysL. - AFLP® - Methylation
AFLP® - Genetic map - DNA methylation

Introduction

High-density genetic maps are becoming increasingly
useful in fundamental and applied genetic research. They
serve to (1) locate genes of interest, (2) facilitate marker-
assisted breeding and map-based cloning and (3) provide
the framework towards understanding the biological ba-
sis of complex traits. In genome projects, high-density
genetic maps are central to localizing a large portion of
the loci in the germplasm of interest and to top-down an-
choring of physical maps.

Until recently, genetic maps of many plant species
such as maize (Zea mays L.) were primarily based upon
segregating restriction fragment length polymorphism
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(RFLP) markers (Helentjaris et a. 1986, 1988; Burr et
al. 1988; Beavis and Grant 1991; Shoemaker et al. 1992;
Gardiner et al. 1993; Matz et al. 1994; Coe et al. 1995).
The disadvantages of RFLPs include (1) large quantities
of DNA are required, (2) analyses of large populations
are costly and (3) the technique is difficult to automate.
This has prompted the search for more efficient marker
systems. Of these, the randomly amplified polymorphic
DNA (RAPD) assay (Welsh and McClelland 1990; Wil-
liams et al. 1990) has been widely used in plant breeding
and genetics (Waugh and Powell 1992). However, prob-
lems with the reproducibility of RAPD amplification
have been reported (Demeke et al. 1997; Karp et a.
1997). Simple sequence repeat polymorphisms or micro-
satellites (SSR) (Tautz 1989), a marker system first made
popular in mammalian genetics, has generated consider-
able interest among plant geneticists. SSR markers have
been developed for many plant species, including maize
(Senior et al. 1997). However, the high development and
application costs may hinder their application in the
large numbers needed to study, for example, a large
germplasm collection.

Another efficient polymerase chain reaction (PCR)-
based method, called AFLP®, has been developed (Vos
et a. 1995), combining the restriction site recognition
element of RFLP with the exponential amplification as-
pects of PCR-based DNA marker systems. The major
advantages of AFLP are (1) a high multiplex ratio, (2) a
limited set of generic primersis used, and (3) thereis no
need for sequence information. To date, the AFLP tech-
nique has been succesfully applied to identify markers
linked to disease resistance loci (Meksem et al. 1995;
Thomas et al. 1995; Cervera et a. 1996; Sharma et al.
1996; Brigneti et al. 1997; Simons et al. 1997; Vos et al.
1998), in germplasm analyses (Hill et al. 1996; Powell
et al. 1996; Maughan et al. 1996; Milbourne et al.1997,
Paul et al. 1997; Schut et al. 1997; Zhu et al. 1998;
Cervera et a. 1998; Barrett and Kidwell 1998; Pgjic et
al. 1998) and in mapping barley (Becker et al. 1995;
Qi et a. 1998; Castiglioni et al. 1998), eucaypts
(Marques et al. 1998), potato (van Eck et al. 1995), rice
(Maheswaran et al. 1997; Zhu et a. 1998), soybean
(Keim et al. 1997) and sugar beet (Schondelmaier et al.
1996). The most recent AFLP publications on maize are
those of Ajmone Marsan et a. (1998), Melchinger et al.
(1998a) and Pejic et al. (1998). In the study presented
here two high-density AFLP linkage maps of Zea mays
L. were generated. The aim of this study was to (1) con-
firm the relative ease of generating high-density maps
using the AFLP technology, (2) evaluate the efficiency
of the AFLP technology in terms of the multiplex (M),
effective multiplex (EM) and effective mapped multi-
plex (EMM) ratios for linkage analysis, (3) study the
transmission of C-methylation from parent to offspring
and (4) investigate the consistency of AFLP markers
across populations. In addition, the data obtained enable
a comparison of the genomic distribution of AFLP and
MAFLP markers and of their position relative to the cen-
tromere.

Materials and methods

Plant material and DNA isolation

A recombinant inbred (RI) population (Senior et al. 1997) and an
immortalized F, (IF,) population (Xia et al. 1998) involving four
different inbred lines of Zea mays L. were used for this study. The
parents of the RI population were B73, a central corn belt line de-
rived directly from lowa Stiff Stalk Synthetic (BSSS), and Mo17,
a central corn belt line derived from ‘Lancaster’ and ‘Krug’
germplasm. The RI population was set up as follows: an F; was
produced from a cross between B73 and Mol7. Selfing for two
generations produced a set of 264 F; lines. Two hundred and
eight RI lines were developed from these F; plants by single-seed
descent for three generations. DNA of the RIs was extracted by a
modified CTAB procedure described by Saghai Maroof et al.
(1984).

The parents of the IF, population were D32, a sugarcane mosa-
ic virus (SCMV)- and maize dwarf mosaic virus (MDMV)-resis-
tant European Dent line having an ‘lodent’ and ‘Illinois High Pro-
tein’ (IHP) background, and D145, a SCMV- and MDM V-suscep-
tible European Flint with ‘Lancaster’ background (Melchinger et
al. 1998b). The IF, population was developed at the University of
Hohenheim, Stuttgart, Germany and set up as follows: (1) an F;
was produced from a cross between D32 and D145; (2) selfing for
two generations produced a set of 220 F; families. Per F; family, a
pool of 20 F; plants was chosen to generate the IF, lines: (1) ran-
dom crosses were performed between 10 F; plants as female and
the 10 F; plants as male;(2) seed obtained from the 10 females was
subsequently pooled, representing an IF, line. Thus, 220 IF, lines
were obtained. At the DNA level, each IF, line represented a pool
of 60 sib-mated F; plants. DNA of the pooled sib-mated F; plants
was extracted using a modified CTAB procedure described by
Stewart et al. (1993).

AFLP and methylation AFLP analysis

The AFLP analysis was performed according to Vos et al. (1995),
using the enzyme combinations (ECs) EcoRI/Msel and Pstl/Msel.
Methylation AFLP® analysis was performed according to Vuyl-
steke et a. (submitted), using the EC Pstl/Msel. The adaptor se-
quences specific for these enzymes were synthesized according to
Zabeau and Vos (1993) and are as follows:

EcoRl-adapter: 5 -CTCGTAGACTGCGTACC-3'
3 -CATCTGACGCCATGGI TAA-S

Pstl-adapter: 5 -CTCGTAGACTGCGTACATCCA-3
3 -CATCTGACCCATGT -5

Pstl-adapter*: 5 -GCATCAGT GCATGCGTGCA-3'
3'-GTAGIT CACGTACGC-5'

Msel -adapter: 5-GACGATGAGT CCTGAG 3
3-TACTCAGGACTCAT-5

Msel -adapter+: 5 -CTCGTAGACTGCGTACC-3

3'-CTGACGCATGGAT-5

The non-selective amplification of the restriction fragments during
the methylation AFLP analysis is performed using both of the
Msel-primers shown below.

A two-step amplification strategy was followed in the methyla-
tion AFLP as well as in the AFLP analysis: in a selective pream-
plification, the restriction fragments were amplified with AFLP
primers both having a single selective nucleotide. In the second
step, further selective amplification was carried out using primers
having two (Pstl primer) or three (EcoRI and Msel primer) selec-
tive nucleotides. The AFLP primers were designed based on the
adapter sequence and restriction sites of EcoRl, Pstl and Msel and
have the following sequences:

Pstl-primer 5-GACTGCGTACATGCAG. . . NN-3'
EcoRI -primer 5-GACTGCGTACCAATTC. . . NNN-3
Msel-primer 5-GATGAGTCCTGAGTAA. . . NNN-3

Msel-primer* 5 -GTAGACTGCGTACCTAA-3



Hereafter EcoRI/Msel and Pstl/Msel ECs will be referred to as
E/M and P/M ECs and EcoRI+3/Msel+3 and Pstl+2/Msel +3 prim-
er combinations (PCs) will be referred to as E/M PCs and P/M
PCs. The PIM PCs used in the methylation AFLP analysis will be
referred to as™P/M PCs.

AFLP marker nomenclature

Each polymorphic AFLP fragment was identified by: (1) the code
referring to the corresponding PC (see Table 1), followed by (2)
the estimated molecular size of the DNA fragment in nucleotides
and (3) a code indicating the parental origin of the fragment (RI
population: P1=B73; P2=Mol7; IF, population: P1=D32;
P2=D145). SequaMark™ (Research Genetics, Huntsville, Ala,
USA) was implemented as the size standard used to assign mole-
cular weights to the AFLP fragments. Fragments and markers de-
tected by E/M, P/M or "P/M PCs will be referred to as E/M, PIM
or mP/M fragments and markers, respectively. Markers detected by
mP/M PCs will aso be referred to as AFLP markers, except when
AFLP and mMAFLP markers need to be distinguished.

Analysis of gel images

The AFLP technology predominantly produces mono-allelic
markers: usually only one of the two aleles at a heterozygous lo-
cus is detected. However, since product concentration directly re-
flects initial template concentration, the expected difference be-
tween a heterozygous locus and a homozygous locus is approxi-
mately a two-fold difference in intensity of a band (= a reflection
of the fragment quantity). This phenomenon is exploited to quanti-
tatively analyze AFLP marker bands in order to deduce zygosity.
Thus, AFLP markers can in principle be scored quantitatively as
co-dominant markers, i.e. heterozygotes can be differentiated from
both homozygous classes. For the analysis of complex AFLP fin-
gerprint patterns, we have used proprietary software developed
specifically for AFLP analysis at Keygene. This software allows
the display and analysis of pixel images of X-Ray scans or phos-
phorimager scans. For the analysis of pixel images, the software
has tools to navigate through the image and individual band sig-
nals and to size and quantify the AFLP bands with great precision.
Each band of a specific marker is classified with respect to itsin-
tensity using a mixture model of normal distributions, as described
by Jansen (1993). The basic idea behind quantifying band intensi-
tiesis that the observed intensities of a marker are mixtures of two
(RI lines) or three (F, plants) normal distributions. The estimated
proportions, means and variances of the mixture components form
the basis of band classification and of determination of genotypes.
The algorithm can be set to identify either two classes (RI lines) or
three classes (F, individuals) of intensities among the bands. Fi-
nally, genotypic data are exported to a file for each marker in each
of the samples.

The absolute metrics multiplex ratio (M), effective multiplex
ratio (EM) (Powell et al. 1996) and effective mapped multiplex ra-
tio (EMM) define the number of fragments, polymorphic frag-
ments and mapped polymorhic fragments, respectively, simulta-
neously analyzed in a single assay. For M to be calculated, the
AFLP fragments in the two parental lanes had to meet the follow-
ing criteria: (1) fragment size ranged from 50 bp to 500 bp; (2) the
mean intensity of the two parental bands had to be higher than an
intensity minimum (empirically defined by visual inspection). For
EM to be calculated, polymorphic bands were discriminated from
non-polymorphic bands by a two-fold difference (empirically de-
termined) in intensity between the parental bands. The three met-
rics M, EM and EMM are suited to facilitate selection of an appro-
priate EC or appropriate PCs for a given application. Although
these metrics are influenced by the number of selective nucleo-
tides at the 3' ends of the PCR primers and can be manipulated by
combining PCs in a multiplex reaction approach, it is useful to
compare the M, EM and EMM afforded by the PCs in their stan-
dard implementation. EMM is especially suited for the selection of
an appropriate EC or appropriate PCs for mapping.
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Linkage analysis and segregation distortion tests

Linkage analyses and segregation distortion tests were performed
with the software package JoiINMaP version 2 (M) (Stam 1993;
Stam and van Ooijen 1995) using the appropriate mapping popula-
tion type; option RI6 for the RI population and option F, for the
IF, population. Using normal LOD scores can result in spurious
linkage of markers with segregation distortion. The LOD scores
used by JM are based on the Chi-square test for independence of
segregation. The rationale behind using a test of independence
rather than the normal LOD score is that distortion of segregation
affects normal LOD scores but does not affect the test of indepen-
dence.

Linkage groups were assigned to the corresponding chromo-
somes of Zea mays L. by inclusion of segregation data of iso-
zymes, RFLPs and SSRs obtained previously on the RI lines (Se-
nior et al. 1997) and/or on the IF, lines (Xia et a. 1998). No order
was forced during map construction, except for linkage group 1 of
the RI population: a fixed order of 4 markers (phi056, bnl5.62a,
umc157(chn) and umc76) belonging to bins 1.01 and 1.02 was
forced in order to preserve their relative positions as given in Se-
nior et a. (1997) and on the UMC 1998 map of maize (Davis et al.
1998). The recombination frequencies were converted to Kosambi
centiMorgans (cM) (Kosambi 1944). Maps were drawn using pro-
prietary software (see Fig. 1).

Distribution of AFLP markers over the genome

Equal representation of genomic regions in the map and genome
coverage are a function of the distribution of markers over the
linkage maps of chromosomes. In order to get information on the
distribution of E/M, PIM and ™P/M markers over linkage maps of
chromosomes, their distribution has been determined statistically.
The Kolmogorov assay was used to test the null-hypothesis:

Ho: F(X) = Fo(x),

where F(x) represents the observed distribution function of the in-
terval (expressed in cM) between 2 adjacent markers, either 2
E/M, 2 P/M or 2 mP/M-markers; Fy(x) represents the correspond-
ing distribution function under the null hypothesis (Hy); in this
case we hypothesize that marker positions are independent and
uniformly distributed over linkage maps of chromosomes. This
implies an exponential distribution of inter-marker distances, i.e.
Fo(X) = 1-eXu, where u is the mean interval length.

Contingent on the rejection of Hy, the one-sided aternative hy-
pothesis, H: F(x) >Fy(x), for at least one value for x, is accepted.
The test statistic D,, Is defined as the largest difference between
F(x) and Fo(x) (D, = max(F(x)-Fy(x))). _ )

The minimal size of the interval in which D, is measured is de-
termined by the resolution of the mapping population: 0.5 cM and
1.0 cM for the RI and the IF, population, respectively.

Since bi-allelic AFLP markers map to the same locus, they
lead to an overestimation of the number of intervals of zero length
and, hence, to erroneous rejection of the Hy. Therefore, bi-allelic
AFLP markers are represented by only 1 marker in this analysis.

All calculations were carried out using the Genstat programme
(Genstat-5-Committee 1993).

Co-localization of hypothetical centromeres and AFLP marker
clusters

Map positions of putative centromeric regions were assigned us-
ing RFLP markers, segregating in one or both populations, which
are known to map to the centromeres of the maize chromosomes,
with the exception of chromosome 8 (Matz et al. 1994). Localiza-
tion and visualization of clusters were assessed by scanning the
linkage groups, using a 5-cM window, for the largest cluster of
AFLP markers.

All calculations were carried out using the Genstat programme
(Genstat-5-Committee 1993).
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Table1 Overview of the 84 EcoRI/Msel (E/M), 36 Pstl/Msel (PIM)
and 36 MPstl/Msel (MP/M) primer combinations (PCs) that the two
parental lines B73 and Mol17 of the Rl population were screened

with for polymorphism. The 41 E/M and 21 P/M PCs fulfilling the
‘optimizing and minimizing effort’ criteria are marked by x; the
14 mP/M PCs are marked by 0 as a subfraction of P/M PCs

M47 M48 M49 M50 M51 M54 M55 M58 M5B9 M60 M6l M62
CAA CAC CAG CAT CCA CCT CGA CGT CTA CTC CTG CTT
E32 AAC x x x X
E33 AAG X X X X X X X
E35 ACA X X X x x
E38 ACT x x x
E39 AGA x x x x x x x x X
E42 AGT x X x
E45 ATG x x
P12 AC 0 O 0 O O O
P13 AG x X X X X x
P18 CT O O O 0
Table2 Overview of the total
number of (1) AFLP fragments, EM PIM mP/IM Total
2) polymorphic AFLP frag-
&é,f’ts%g) mepped polymor- Total 3207 1824 1083 6204
phism and (4) the correspond- M . . o 87 o 4 o 87 o
ing multiplex ratio (M), effec- RI Polymorphic 1197(36.3%) 746 (40.9%) 483 (44.6%) 2425 (39.1%)
tive multiplex ratio (EM) and EM 33 36 35 34
effective mapped multiplex ra- Mapped 670 (20.3%) 565 (31.0%) 304 (28.1%) 1539 (24.8%)
tio (EMM) per enzyme combi- EMM 19 27 22 22
nation [EcoRI/Msel (E/M), Total 3182 1894 1023 6099
Pstl/Msel (P/M) and M 88 90 73 86
mPstl/Msel (MP/M)] in the re- IF, Polymorphic 1137(35.7%) 871 (46.0%) 491 (48.0%) 2499 (41.0%)
combinant inbred (RI) and the EM 32 42 35 35
immortalized F, (IF,) mapping Mapped 587 (18.4%) 550 (29.0%) 218 (21.3%) 1355 (22.2%)
population EMM 16 26 16 19
Results mP/M PCs reveal the highest percentage of polymor-

Polymorphism rates among B73 and Mo17, and among
D32 and D145

The first step required in the assembly of a linkage map
isto screen the two parental lines for polymorphism. The
two parental lines B73 and Mo17 of the RI population
were screened for polymorphism with the 84 E/M,
36 P/M and 36 ™P/M PCs listed in Table 1. This screen-
ing was designed to identify those PCs which fulfilled
the ‘optimizing and minimizing effort’ criteria in that
they: (1) gave patterns containing 50-100 fragments, (2)
revealed a high polymorphism between the two parental
lines and (3) did not amplify heavily repeated restriction
fragments, visible as very intense bands. Forty one E/M,
21 P/IM and 14 ™P/M PCs fulfilled these criteria (see Te-
ble 1). Some E/M PCs were combined in a multiplex re-
action approach, resulting in a total of 36 E/M PCs. For
the parental lines D32 and D145, the same set of 71 PCs
was used to ensure a high polymorhism rate and the
maximum overlap of markers in the two maps. Table 2
gives an overview of the total number of AFLP frag-
ments and polymorphic AFLP fragments counted for
both pairs of inbred lines. The percentages of polymor-
phism reflect that the lines D32 and D145 are genetically
dlightly more divergent than the lines B73 and Mol7.

phism, while E/M PCs revealled the lowest degree of
polymorphism.

It is clear from Table 2 that E/M and P/IM PCs yield
on average the highest M and EM, respectively.

Construction of the B73 x M017 and D32 x D145
high-density AFLP linkage maps

Using the 36 E/M and 21 P/M PCs we recorded allelic
segregation data for a first set of 90 RI lines; using the
14 mP/M PCs we recorded segregation data for a second
set of 90 RI lines, that have 75 individuals in common
with the first set of RI lines. Thisresulted in atotal set of
105 RI lines genotyped either with E/M, PIM and ™P/M
PCs, or with "P/M PCs only.

Inclusion of segregation data of 184 isozymes, RFLPs
and SSRs abtained previously on the set of 105 RI lines
(Senior et al. 1997) totalized the dataset to 1723 markers.
At a LOD=6, these 1723 markers were split into ten ma-
jor and six minor linkage groups, each containing at |east
1 anchor marker to assign to the ten maize chromo-
somes. The same set of 71 PCs was used to genotype a
set of 88 IF, lines, yielding 1355 AFLP markers. Inclu-
sion of segregation data of 47 RFLPs and SSRs obtained
on the same set of 88 IF, individuals (Xiaet al. 1998) to-



talized the dataset to 1402 markers. At a LOD threshold
grouping value of 6.0, these 1402 markers were split into
11 linkage groups, ten major and one minor of 6 mark-
ers. The ten major linkage groups were assigned to the
ten maize chromosomes, while the minor linkage group
was assigned to chromosome 7 since it contained the
core marker asg8(myb).

The percentage of mapped polymorphic fragments
was 24.8% and 22.2% for the Rl and IF, linkage maps,
respectively (Table 2). This means that 63.5% and 54.2%
of the clearly visible polymorphic fragments of the RI
and and IF, fingerprints, respectively, are of sufficient
quality to allow quantitative scoring and reliable map-
ping.

It is clear from Table 2 that by choosing P/M PCs
with a mean EMM of 27, the mapping efforts are mini-
mized.

Map consistency

Although the number of mapped polymorphic AFLP
fragments in the IF, map was lower than for the RI link-
age map (Table 2), the IF, map spans 1376 cM, and the
length of most of its linkage groups are systematically
longer than in the RI map (1178 cM) (Table 3 and Fig. 1),
and is more comparable with the lengths reported for
other maps. For both maps, the position of RFLP, SSR
and isozyme markers on this map were consistent with
previously published Zea mays L. maps.

Distorted segregation ratios

Segregation ratios of the two homozygous classes at
each marker mapped in the Rl map were tested for the
1:1 expected proportion at the 5% level of significance.
Chromosome 3 showed distorted segregation over al-
most its entire length with an excess of B73 aleles
(Fig. 2), while on chromosomes 1, 2, 5 and 10 only mi-
nor regions showed distorted segregation. When the sig-
nificance level was raised to 1%, chromosome 3 still
showed distorted segregation over its total length. The
largest distortions at chromosome 3 reached the 3:1 mag-
nitude, while the remainder showed only a 2:1 ratio.
Segregation ratios of the three genotype classes of
each marker mapped in the |F, map were tested for the
1:2:1 expected proportion at the 5% level and the 1%
level of significance. Again chromosome 3 showed dis-
torted segregation over a mgjor part of its total length.
The distortions for chromosome 3 ranged from magni-
tude 1:4:1 to 1:5:1 (P<0.01) for a smaller region (40—
62 cM) and from magnitude 3:4:1 to 6:8:1 (P<0.01)
(excess of D32 alleles) for alarger genomic region (79—
117 cM), respectively. Minor regions showing distorted
segregation (P<0.05) were found in only a few cases
for other chromosomes (1, 2, 5 and 6) and were differ-
ent from those on the identical chromosomes in the RI

map.
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Table 3 Comparison of the genetic length and numbers of
EcoRI/Msel (E/M), Pstl/Msel (P/M), mPstl/Msel (mP/M) and non-
AFLP markers (RFLPs, isozymes and SSRs) mapped per linkage
group, of the recombinant inbred (RI) and the immortalized F,

(IF,) mapping population

RI map
Chromo- cM EM  PIM mP/M  non-  Number
some AFLP of markers

1 129.2 104 87 57 25 273

2 123.4 67 66 32 13 178

3 105.3 77 64 38 13 192

4 152.4 71 55 33 24 183

5 121.6 57 64 31 29 181

6 99.3 67 54 34 17 172

7 122.1 50 43 21 12 126

8 127.0 58 47 22 17 144

9 124.2 72 41 15 17 145
10 73.6 47 44 21 17 129
Total 1178.1 670 565 304 184 1723
IF, map
Chromo- cM EM  PIM mP/M  non- Number
some AFLP of markers

1 184.8 65 68 31 6 170

2 151.0 76 70 27 9 182

3 144.1 74 64 24 6 168

4 133.2 75 59 33 1 168

5 149.0 55 75 18 8 156

6 109.6 44 50 15 6 115

7 143.3 61 34 11 4 117

8 142.8 55 57 16 2 130

9 126.2 38 33 13 3 87
10 91.6 44 40 23 2 109
Total 1375.6 587 550 218 47 1402

Allelism of AFLP fragments and epi-alleles

Due to occasional length polymorphism, some of the
AFLP markers could be used as codominant markers.
These allelic AFLP fragments have to meet the follow-
ing two criteria: (1) they originate from a different parent
and amplify with the same PC; (2) they map to the same
locus (complementary segregation). Putative allelic
AFLP fragments were observed in both AFLP linkage
maps. The majority of the bi-allelic markers differed in
size by only afew bp (1-20 bp), probably the result of a
small insertion/deletion, while a few pairs of markers
were of a large size difference (100487 bp), reflecting
neighboring restriction sites. In terms of bi-allelic pairs
of markers, the PI/M EC predominated: 48 (17.1%) and
32 (11.7%) pairs of mapped P/M markers in contrast
with only 36 (10.9%) and 23 (7.8%) pairs of mapped
E/M markers and 11 (7.3%) and 10 (9.2%) pairs of
mapped MP/M markers for the Rl and |F, maps, respec-
tively.

Allele-specific methylation (methylation polymor-
phism) results in amAFLP markers. Since DNA methyla-
tion is the only source of allelic difference between epi-
aleles, some of the scored PIM and ™P/M fragments
might be epi-allelic. To identify a AFLP and a "AFLP
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Fig. 1 Two high-density link-
age maps of maize based on
105 recombinant inbred (RI)
linesfrom aB73 x M017 cross
(left map) and 88 immortalized
F, (IF,) linesfrom a D32 x
D145 cross (right map). Dis-
tances are given in Kosambi
centiMorgans. For simplicity,
only common markers, includ-
ing those that map to different
chromosomes in both maps,
and pairs of allele specific
methylation AFLP markers
(3MAFLP markers) are shown.
The AFLP markers are named
with (1) the code referring to
the corresponding primer com-
bination (see Table 1), followed
by (2) the estimated molecular
size of the DNA fragment in
nuclectides and (3) a code indi-
cating the parental origin of the
fragment (RI population:
P1=B73; P2=Mo17. IF, popu-
lation: P1=D32; P2=D145).
The pairs of aMAFLP markers,
located on chromosome 1, 3
and 6 andon 1 and 4 in the RI
and |F, map, respectively, are
indicated in bold

marker as a possible asMAFLP marker pair, we applied
the following criteria: (1) both AFLP fragments have ex-
actly the same size, (2) both AFLP fragments are derived
from different parents, with the same complementary
PCs and (3) both AFLP fragments map to the same locus
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aleles were identified in both the RI and IF, map
(Fig. 1). This means that only 1% of a total of 673 and
595 mapped MP/M markers (obtained with the 14 com-
plementary P/M PCs), respectively, showed al€lic varia-
ton in CpNpG methylation.
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Colinearity between the RI and the IF, high-density
AFLP linkage maps

The two maps had 353 AFLP markers of identical size
and amplified by the same PC, representing 23% and
26% of the AFLP markers mapped in Rl and the IF, link-
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age map, respectively. For 327 out of these 353 AFLP
markers, linkage maps of chromosomes were moderately
(chromosomes 3, 4, 5, 6, 7 and 10) to highly (chromo-

somes 1, 2, 8, and 9) colinear (Fig. 1). Rearrangements
occurred in the map order of some markers, predominant-
ly those residing in or flanking marker-dense regions.



928

w
w

Fig. 1

{P13M60-129.1-P1

P18M60-355.0-P1

imel47a

{£35M58-197.1-P1

IP12M61-93.5-P1

P12M49-192 3-P1

{P18M48-52.0-P1

P13M59-127.3-P2 P13M359-130.3-P1
IP18M48-158.2-P1

[E33M50-434.7-P2 umc43
[E39M54-67.6-P2

IP13M59-108.9-P1

[E45M48-278.4-P2 P12M47-289.0-P1
[E45M49-89.2-P2 P13M47-581.1-P1
P18M61-158.2-P1
[E33M62-294.0-P2

IP18M49-212.1-P2
PP12M59-351.4-P1
[E39M60-269.8-P2 E45M49-128.0-P1
FPP12M59-136.0-P2
[E39M50-267.4-P1

"P18M48-71.0-P2

IP12M47-430.2-P1
mP18M48-390.9-P2
iP13M59-212.2-P1

[P12M49-475.9-P1

[E39M59-418.2-P1

12M49-233.7-P1
mP12M49-233.7-P2
(E38M60-196.9-P1 phiG77
[E33M50-64.5-P1 E38M60-195.0-P2
[E32M60-340.3-P1
[P13M60-297.9-P1
FP12MS50-366.2-P2
mP18M48-176.37-P1
mP12M61-316.3-P1
[P12M61-391.9-P2 P18M59-75.8-P2

(P13M60-129.1-P2

{P18M60-355.0-P2

IE35M58-197.1-P1

imel47a

IP12M61-93.5-P2

{P18M48-52.0-P1 P13M39-127.3-P1
[P13M59-130.3-P2

IP12M49-192 3-P1

ime43

IP18M48-158.2-P2

[P12M47-289.0-P1 P13M39-108.9-P1
[E39M54-67.6-P1 E33M50-434.7-P1
{E45M48-278.4-P2

[E45M49-128.0-P1
mP12M59-351.4-P2
[E39M60-269.8-P2
PP12M59-136.0-P1
PP18M61-158.2-P2
[E45M49-89.2-P2

P18M49-212.1-P2 E33M62-294.0-P2
IE39M50-267.4-P1
iP13M47-581.1-P2 P12M47-430.2-P1
mP18M48-71.0-P2
P18M48-390.9-P2
[P13M59-212.2-P1

e 952// || P12M49-475.9-P2
E39M59-462.6-P1 10107 [ IE39M59-462.6-P2
P12M48-150.1-P2 =
P12M59-142.6-P2 124. — —{P12M48-150.1-P1

130.8———1 IP12M59-142.6-P2

[E39M59-418.2-P1
fP12M61-316.3-P2
[E33M50-64.5-P2
(£32M60-340.3-P2
(E38M60-195.0-P1
phi077
MP12M49-148.9-P2
mP12M50-366.2-P2
[E38M60-196.9-P2
(P13M60-297.9-P1

f"P18M48-176.37-P1

mP12M49-148.9-P1 (P12M61-391.9-P1

43 1P13M49-164.0-P1 {P18M59-75.8-P1
151 ’ "P12M61-601.2-P2 {P13M49-164.0-P2
294 {P18M49-159.8-P1 fP12M61-601.2-P1

(P18M49-159.8-P1
P18M59-115.4-P1
[E39M50-165.9-P1
ume63a
{P13M48-68.4-P1
weme2l
{P18M49-400.0-P2
IE38M51-132.2-P1
(P13M62-160.2-P1
[E42M4750-497.2-P1

P18M59-115.4-P1

[E39M50-165.9-P2 umc65a
[E42M4750-4972-P1 P13M62-160.2-P1
wme2l E38M51-132.2-P1
[P18M49-400.0-P2

{P13M48-68.4-P2

[E35M5154-166.1-P1

IP12M48-120.5-P2 P18M49-79.3-P2
P18M60-502.1-P1

44.6

N
L nmu%uuwua il

_ P13M50-88.9-P2
6607/ /7] P12M47-187.3-P2 P12M48-120.5-P1
684’ /)| | IP18M62-115.5-P2 P18M49-79.3-P1
4.7/ /== [F33M47-429.0-P2 [E35M5154-166.1-P2
753 // 1] IP18M61-89.4-P1 P13M49-416.2-P1 P18M60-502.1-P1
839/ = P13M49-148.2-P2 [P13M50-88.9-P2

IP12M47-187.3-P2
IP18M62-115.5-P2
[E33M47-429.0-P2
[P18M61-89.4-P1

IP13M49-416.2-P1

86.9 P12M47-181.6-P2
9. [P12M49-501.0-P2

W

%)

hed

i
e}

With respect to the Rl map in Fig. 1, mgjor rearrange- cent markers or segments of more than 2 markers, with-
ments occurred in chromosome 3 (38.0-51.0 cM; out any increase in total chromosomal map length, were
64.9-77.6 cM), chromosome 4 (98.5-106.7 ctM), chromo-  evaluated. The most likely map location of a marker was
some 5 (47.2-48.9 cM), chromosome 6 (9.5-10.8 ctM) given as a mean rank order and its variance. Variance in
and chromosome 7 (33.6-35.4 cM; 51.3-70.9 cM). Alter- the rank order of markers residing in marker-dense re-
native marker orders, involving the inversion of 2 adja= gions was among the highest (data not shown), indicating
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that different map orders in these specific chromosomal
regions can be produced with the same dataset.

A tota of 26 (7.4%) of the ‘common’ AFLP markers
mapped to two different chromosomes. To elucidate the
nature of this behavior, we chose 13 pairs of these ‘com-
mon’ markers from the two populations (estimated mole-
cular size >100 bases) for comparison. For 3 pairs of
markers, the Segmanll™ module of Lasergene (DNA-
STAR, Madison, Wis., USA) could assemble a contig of
each set, indicative for sequence identity. Although the
distal sequences (restriction sites + selective nucleotides)

were similar for the remaining 10 pairs of markers, they
could not be build in contigs by Segmanl1™, suggesting a
low homology between the pairs of sequences.

Distribution of the AFLP markers over the
mai ze genome

Distribution of the E/M, P/M and MP/M markers was de-
termined using the Kolmogorov-assay (Table 4). E/M
markers are not randomly distributed on any of the ten
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linkage groups (P<0.05) in either map. In contrast, P/IM
markers are not randomly distributed on only four out of
the ten linkage groups of the RI map (P<0.05) and on
only two out of the ten linkage groups of the IF, map
(P<0.05). The distribution of "P/M markersis intermedi-
ate, with a tendency to non-uniform distribution: MP/M
markers are not randomly distributed (P<0.05) on nine
and six of the ten linkage groups of the Rl map and the
IF, map, respectively.

Scanning for the largest cluster of AFLP markers re-
vealed that for some linkage groups of the RI linkage
map the largest cluster co-localized well with RFLP
markers residing on the hypothetical centromeric region.
The IF, map did not contain sufficient centromeric
RFLPs to perform an identical analysis as described

above. Nevertheless, clustering of AFLP markers on the
IF, and RI map co-localized well. Taken together the re-
sults suggest that indeed large clusters of AFLP markers
occur in the regions of the hypothetical centromeres of
the maize chromosomes.

On the RI map, 44% of the E/M and 43% of the ™"P/M
markers reside within the 5-cM windows co-localizing
with the putative centromeres, whilst only 21% of the P/M
markers reside on these clusters. Figure 3 shows the distri-
bution of E/M, PIM and ™P/M markers over the total
length of linkage group 10 of the RI map and illustrates
the strong clustering of E/M and mP/M markersin the cen-
tromeric region. The same pattern of distribution of E/M,
P/M and m"P/M markers was found for the nine other chro-
mosomes of the Rl map, although to a lesser extent.
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Fig. 2 Distorted segregation on the recombinant inbred (RI) chro-
mosome 3 linkage map
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Fig. 3 Distribution of EcoRI/Msel (E/M), Pstl/Msel (P/M) and
mpstl/Msel (MP/M) markers over the total length [expressed in
centiMorgans (cM)] of the recombinant inbred (RI) chromosome
10 linkage map; clustering of E/M and mP/M markers in the cen-
tromeric region

Discussion

Construction of the RI and the IF, high-density AFLP
maps of maize

The high multiplex ratio of the AFLP technique, com-
bined with the high level of polymorphism of maize, was
exploited to generate a large number of markers with rel-
ative ease. It is clear from the EMM that P/IM PCs, rather
than "P/M and E/M PCs, are to be chosen to minimize
the mapping efforts while maximizing the number of
markers to be mapped. Idealy, EMM equals EM. How-
ever, bands identified as polymorphic and taken up in the
calculation of EM can be too close to alow reliable
guantification and mapping. This causes a drop in EMM
relative to EM. Furthermore, it should be emphasized
that the technical skills that the performer displays in

422 422 483 624
65

I
----- T

51.0
cM

0.9 105.3

slabgel electrophoresis can highly influence the metric
EMM. Any deviation from good laboratory practice may
cause adrop in the EMM.

There are two additional explanations for the lower
than expected EMM of MP/M markers, based on their
high EM: (1) although ™MP/M PCs were screened and se-
lected against highly abundant restriction fragments, nu-
merous repetitive restriction fragments remain, leading
to a poorer quality of the ™P/M fingerprints; (2) an addi-
tional amplification step makes the methylation AFLP
technique more complex than the AFLP technique. This
affects the linear relation between band intensity and ini-
tial template concentration, thereby broadening the vari-
ances of the mixture components, and finaly leads to in-
accurate band classification and rejection of the marker.

Differences in genetic map length

Despite the larger number of markers, the total genome
coverage and the length of the individua linkage groupsin
both maps are systematically shorter than the ones already
published (Helentjaris et a. 1986, 1988; Burr et a. 1988;
Beavis and Grant 1991; Shoemaker et a. 1992; Gardiner et
al. 1993; Matz et a. 1994; Causse et a. 1995; Coe et d.
1995; Senior et al. 1997). This observation does not sup-
port the assumption that the complete coverage of the
maize genome is approached asymptoticaly as the number
of mapped markers increases. On the other hand, it does
not show evidence that the larger the number of mapped
markers, the more false recombinants are induced, result-
ing ininflation of the total genetic map length.

A difference in the map function used can hardly be
the only explanation for the observed discrepancy in map
length. A difference in mapping algorithm is a more
plausible explanation. The maps reported above, with
exception of that of Causse et al. (1995) were construct-
ed with mAPMAKER (MM) (Lander et al. 1987), whereas
in this study the JM package was used. To estimate the
distance between a pair of adjacent markers, MM only
uses the information of that pair of markers, whereas JM
uses all of the pairwise recombination estimates in a da-
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Table 4 Statistical determination of the distribution of the mark-
ers obtained from EcoRI/Msel (E/M), Pstl/Msel (P/M) and
mpstl/Msel (MP/M) enzyme combinations (EC) over the recombi-
nant inbred (RI) and the Immortalized F, (IF,) linkage maps of
chromosomes. The Kolmogorov assay was used to test whether
marker positions are independent and uniformly distributed over
linkage maps of chromosomes. The test statistic D, is defined as
the largest difference between F(x) and Fy(x) (D, = max(F(x)-
Fo(x))), where (1) F(x) represents the observed distribution func-
tion of the interval (expressed incentiMorgans) between 2 adjacent
markers, either 2 E/M, 2 PIM or 2 "P/M markers; and (2) Fy(x)
represents the corresponding distribution function under the null
hypothesis (Hy); in this case we hypothesize that marker positions
are independent and uniformly distributed over linkage maps of
chromosomes

Chromo- EC RI map IF, map
some Number of D, Number of D,
intervals intervals

1 E/M 102 0.210** 61 0.189*
PIM 80 0.194* 65 0.089
mP/M 57 0.291** 32 0.185

2 E/M 67 0.286** 73 0.252**
PIM 61 0.084 68 0.195**
mP/IM - 31 0.373** 26 0.334**

3 E/M 76 0.197** 71 0.215**
PIM 54 0.056 58 0.307**
mP/IM - 39 0.256** 25 0.481**

4 E/M 64 0.404** 71 0.245**
PIM 52 0.184* 58 0.139
mPIM - 32 0.342** 31 0.385**

5 E/M 54 0.226** 55 0.347**
PIM 58 0.103 66 0.135
mP/IM 31 0.231* 18 0.372**

6 E/M 64 0.365** 44 0.285**
PIM 52 0.174 48 0.150
mPIM 34 0.314** 16 0.238

7 E/M 47 0.348** 60 0.311**
PIM 38 0.154 33 0.192
mP/M 19 0.340* 17 0.484**

8 E/M 51 0.210* 52 0.181*
PIM 42 0.204* 51 0.136
mpPM - 22 0.207 16 0.077

9 E/M 66 0.346* 38 0.237*
PIM 40 0.229* 30 0.153
mP/IM 16 0.356* 13 0.267

10 E/M 48 0.326** 42 0.401**
P/M 43 0.072 37 0.188
mPIM 21 0.391** 23 0.324**

** * Significant at the 0.01 and 0.05 probability level, respectively

taset simultaneously. The other difference is the way
mapping functions are applied. In the primary estimation
procedure MM assumes absence of interference, and on-
ly afterwards adjacent recombination frequencies are
translated to map distances with a given mapping func-
tion. In JM, on the contrary, all calculations are based on
map distances that are obtained by applying a mapping
function to recombination estimates, thus accounting for
agiven level of interference. Due to these differences in
estimation procedure, JM will produce shorter maps than
MM, whenever the assumed level of interference by
Kosambi is less than the true degree of interference
(P. Stam, personal results). Castiglioni et al. (1998) no-
ticed aso a drastic contraction in map length using JM
compared to MM: analyzing segregating data obtained

from 113 doubled haploid barley lines using MM with
the ERROR DETECTION resulted in a map spanning
1597 cM; when JM was used, the total map length re-
sulted in 1264 cM.

Despite the fact that both maps are produced with JM,
the total genome coverage and the length of most linkage
groups in the Rl map are systematically shorter than in
the IF, map. In addition to differences in true recombina-
tion rates and environmental conditions, differences in
reliability of the data may affect the observed recombi-
nation rates. It is well known that even small error rates
in genotyping leads to map inflation, especially in high-
density maps (Lincoln and Lander 1992). The AFLP fin-
gerprint patterns of the IF, population are more complex
by nature (three zygosity classes), making genotyping
more prone to misclassification. In the RI population,
there is a more clear-cut difference in band intensities.
This might explain the difference in total length between
the IF, and RI map. So, population types with two in-
stead of three genotype classes and a higher level of re-
combination are preferred to generate a high-density
AFLP linkage map.

Distorted segregation ratios

It is not unusual to find distorted Mendelian segregation
ratios in populations where a moderate numbers of
markers were analyzed, but the observed conformity in
segregation distortion across major genomic regions in
chromosome 3 in both high-density AFLP linkage maps
is striking and can hardly be explained by sampling
bias.

The excess of D32 dleles at the major genomic re-
gion in chromosome 3 in the IF, map is in good agree-
ment with the excess of B73 alleles at chromosome 3 in
the RI map: D32 is partially composed of BSSS genetic
material, while B73 is a BSSS inbred line. Also
L Ubberstedt et al. (1998), analyzing a KW1265 x D145
and a D145 x KW1292 F, population, found underrepre-
sentation of the D145 allelein aregion of chromosome 3
comprising umcl0 and bnl6.06. In contrast, neither Se-
nior et a. (1997), genotyping 192 RI lines of the same
B73 x Mol7 RI population, nor Beavis and Grant
(1991), analyzing a B73 x Mol7 F, population, found
evidence for segregation distortion on chromosome 3.
Only Gardiner et al. (1993) found distorted segregation
towards a heterozygote excess on chromosome 3 be-
tween markers umc92 and bnl5.37.

Colinearity between the RI and the IF, linkage maps

Although the two populations have no parent in com-
mon, and the four parental lines are not highly related
lines, sufficient common AFLP markers were generated
to align the two maps. The comparison between the two
linkage maps, based on the 92.6% of common markers,
shows that linkage maps of chromosomes were, despite



some rearrangements, moderately to highly colinear
(Fig. 1). Rearrangements in the map order of some mark-
ers, predominantly those residing in or flanking marker-
dense regions, were also observed by Castiglioni et al.
(1998). Mapping using JoINMAP results in the most like-
ly marker order according to the parameter settings.
However, especially when the number of informative re-
combination events in a particular region is low, for ex-
ample, the centromeric region, alternative marker orders
with an equivalent goodness of fit are possible.

For the 7.4% ‘common’ AFLP markers that map to
different chromosomes in both maps, there are two plau-
sible explanations: (1) coincidental co-migration of two
non-related AFLP fragments or (2) areas of genomic du-
plications in the maize genome. Helentjaris et al. (1988)
observed that 29% of their cloned maize sequences hy-
bridized to at least two different genomic regions. These
duplicate loci suggested that the maize genome either
contains a partial duplication or is tetraploid in origin.
Recent analyses confirmed the tetraploid nature of the
maize genome, possibly being derived from the hybrid-
ization of two parents with different arrangements of rice
linkage segments constituting their chromosomes
(Moore 1995). However, for two unrelated maize cross-
es, AFLP markers of equal size and generated by the
same PC map in more than 90% of the cases to the same
map location, making the transfer of AFLP markers of
one population to the other feasible with minor risk. The
expectations are that for two more related maize crosses,
or for two maize crosses with one common parent, the
frequency of these ‘ambiguous common markers will
decrease.

Distribution of the AFLP markers over the
mai ze genome

Considering that the underlying basis for AFLP poly-
morphisms (point-mutation or insertion/deletion) is
evenly distributed over the DNA and that rare-cutter
sites are also randomly distributed, one could assume an
even sampling of the physical genome. However, the ob-
served tendency is that genetically there is an overrepre-
sentation of the centromeres. So, clustering of AFLP
markers around the centromere raises the question as to
whether recombination is predominantly confined to the
distal regions, with the centromeric regions being recom-
bination ‘cold spots'. Investigation of the genetic loca-
tion of AFLP markers obtained with different restriction
enzymes and with different levels of methylation re-
vealed that clusters which co-localize with the putative
centromeric regions of maize are enriched especialy by
E/M and ™P/M markers, while the PIM markers are
shown to be more randomly spread over the genome.
The clustering of E/M markers in specific chromo-
somal regions also appears in other plant AFLP linkage
maps, such as potato (van Eck et al. 1995), barley (Beck-
er et al. 1995; Powell et al. 1997; Qi et al. 1998), soy-
bean (Keim et a. 1997) and Arabidopsis (Alonso-Blanco
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et al. 1998). In Arabidopsis it was shown that pericentro-
meric heterochromatin fluoresces brightly when stained
with the fluorochrome DAPI (Ross et al. 1996), which is
known to show preference for AT-rich DNA. This is a
plausible explanation of the enrichment of E/M AFLP
markers in the Arabidopsis centromeres (Alonso-Blanco
et al. 1998) and possibly in other plant genome cent-
romeres, since the restriction enzymes EcoRI and Msel
have AT-rich target sequences (Msel recognizes 5'-
TTAA-3', while EcoRI recognizes 5 -GAATTC-3').

In maize the heterochromatin, enriched with methyl
groups, is concentrated in the centromeric regions, the
nucleolus organizer region, telomeres and knobs, mainly
consisting of particular regions that are not transcribed.
Consequently, the lower frequency of PIM markers and
the clustering of MP/M markers in the centromeric re-
gions is consistent with the enrichment of methyl groups
in heterochromatin.

The good agreement between the prevalence of P/M
markers in the distal genomic regions, which harbor the
gene spaces, and the prevalence of PPM markers among
the bi-allelic markers can be explained as follows: maize
transposable elements, which can easily induce allelism
by integration and deletion, show a preference for gene-
rich transcriptionally active regions. Thus, P/IM PCs give
not only a better genome coverage with fewer markers
but also plausible landmarks for genes.

Conclusion

The high multiplex ratio of the AFLP technique, com-
bined with the high polymorphism rate of maize, was ex-
ploited to generate a large number of markers. The high-
ly effective mapped multiplex ratio of AFLP in maize
has the potential to improve the efficiency of genetic
map construction of maize and to generate high-density
maps around loci that control commercially important
traits.

To our knowledge this is the first detailed report of
mapping C-methylation and epi-alleles. Although the
rules governing the transmission of methylation from
one generation to the next are still unclear, we were able
to show that C-methylation can be inherited in a Mende-
lian way. MAFLP markers are aso of practical usein ge-
nome research. Like AFLP markers, most "AFLP mark-
ers correspond to unique positions in the genome, and,
hence, can be exploited as landmarks in and as bridging
tools between, genetic and physical maps. Native meth-
ylated sites are present on cloned DNA segments, for ex-
ample, yeast artificial chromosomes (YACs) and bacteri-
a artifical chromosomes (BACs), as unmethylated sites.
Hence, native methylated sites can not be distinguished
from native unmethylated sites on a physical map. How-
ever, lining up the physical map with a genetic map con-
taining MAFLP markers may help to identify native
methylated sites on the physical map.

Beside top-down anchoring of physica maps and
mapping commercially important traits like grain yield,
these linkage maps can be used (1) for map-based AFLP
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fingerprinting of maize inbred lines in order to determine
the levels of genetic diversity in different regions of the
maize genome and (2) as main framework in a unified
AFLP linkage map for maize. Although the relative map
position of markers in an integrated linkage map is less
reliable due to statistical errors associated with the re-
combination estimates and to differences in recombina-
tion frequency among crosses, an integrated AFLP link-
age map for maize is an inexhaustible resource of mark-
ers, encouraging the use of the AFLP technique in maize
breeding.
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